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I. INTPODITCTION 



A. INTSFMOEUIATION 

Intermodulation products ( I M ) are spurious signals 
occuring at the output of a device, which are not in the 
input of the device or network. They are caused hy nonlinear 
processing (e.g. overdriven amplification) of two or more 
input signals. The spurious signal is called "in-band" if it 
occurs within the bandwidth of interest and called 
"out-of-band" if it occurs outside the bandwidth of 
interest. In-band I'd can cause degradation of system 
performance. In-band IM can occur on the frequency of a 
desired signal and with a larger magnitude masking the 
desired signal. In-band and out-of-band IM utilize part of 
the network's output power. This can decrease the device 
dynamic range, degrade desired signals and cause the network 
to go into saturation or other nonlinear operations. This in 
turn causes the generation of additional IM which yields 
further degradation. 

Two or more strong input signals may be enough to start 
the generation of intermodulation products. IM generally 
occurs in any device when it is operated in or near tne 
nonlinear region and has several input signals within its 
input bandwidth. The point of concern is how large are these 
IM products and how much can the system tolerate. 
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TEH MULTI C0UPL2P. 



3 . 

In anv area of communications . military, commercial, or 
amateur. one of the major buil di n g blocks of a system is an 
amplifier. This device may appear in many applications. It 
may also have many ports. One such device is called the 
mul ticoupler . It connects multiple receivers or transmitters 
to a single antenna or single operating position. 

The particular device of interest here is the 'receiving 
multicoupler which couples a single input to several 
balanced outputs. The multicoupler operates at radio 
frequencies in the military high frequency (HE) band, 2-32 
MHz. Single inputs mav be from an antenna, preamplifier, or 
the output of another mu It i coupler . An amplifier stage is 
needed to overcome the losses and provide the overall 1 dB 
gain figure (plus or minus 1 dB); the object being to 
provide a single source to multiple users and not signal 
amplif ica ti on . 

This device is widely used in military electronics on 
fixed, mobile, shipboard and aeronautical platforms. Of 
particular interest is its use at U.S. Navy Sign Frequency 
Direction Finding (HFDF) sites. Here a single element or 
group of elements from an antenna array, such as a 
Wullenweber circularly disposed antenna array (CDAA), have 
to be fed to numerous users or processing points. Typically, 

these multicouplers have one input and eight outputs. They 
are often cascaded two or three deep (figure 1). This allows 
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Signal ? Input 




Figure 1. Multicoupler Chain 



12 



one input to be routed to as many as 64 to 512 processing 
points. Obviously, any errors or deficiencies occurring 
early in the chain will propagate to all subsequent 
processing points and degrade the entire chain. 

Reference [l] discusses noise surveys made at various 
Navy HFDF sites. Results cf these surveys show tuat two 
major sources of system noise were IM products and parasitic 
oscillations. Parasitics have a two fold effect. They not 
only put unwanted noise or oscillations into tne system, but 
the resultant power usage cf the oscillations reduces the 
multicouplers dynamic range and produces IM as a by-product. 

The studies also showed that even in properly operating 
multicouplers (those which conformed to specifications) IM 



products 


and 


distortion were 


prevalent due 


to 


the 


hign 


density 


of 


signals in the 


envi ronner. t . 


•V i t n 


the 


next 


generation of 


nulticouplers 


being readied 


for 


contract , 



there is a need to reexamine the current methods of 
specifying IM product susceptibilitv, the adequacy of such 
specifications, and the methods of testing for compliance 
with these specifications. 

Current specifications usually call for the use of two 

tones or signals of a given voltage to be applied to the 

# 

multicoupler input and the IM resulting should be a given 
number of decibels ( d 3 ) below the input signal level. A 
newer method of testing might be more realistic. For several 
years a technique of loading a circuit with white noise has 
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been used for testing domestic and international telephone 
lines. The noise is applied to the -circuit with a narrow 
frequency band which has been notched out or rejected. At 
the circuit output, the narrow stopband is reexamined and 
the increase in noise in the notch is used as the measure of 
IM, thermal noise and cross-talk caused by the circuit. This 
effectively simulates a single unused channel among many 
loaded channels and indicates the amount of interference the 
user of the clear channel would experience. Such methods can 
logically and realistically be extended to multicouplers, 
amplifiers and other wideband devices. 

Section II addresses the two-tone methcd and section III 
addresses the noise loading method. Section IT contrasts 
sections II and III. Section V gives an evaluation of the 
white noise method. Section VI offers a method of specifying 
IM product susceptibility in multicouplers and a method for 
testing the device for compliance. 
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1 1 . TWO - TON 7 TES^ METRO 

A. SPECIFICATION 

Typical specifications for IM susceptibility for Navy 
rnulticouplers are: 

CU-1382/FRR 2 - 32 MHz 

Better than 65 dB below two 0.5 Volt r.m.s. input signals 
CU-1399/FRR 2-32 Mhz 

Better than 60.5 dB below two 0.25 Volt r.m.s. input 
s igr.als 

The frequency or separation of the two signals are not 
specified although they are chosen so that the second and 
third order IM products fall inside the bandwidtn of the 
device (e.g. 2 - 32 MEz). 

B. DETERMINING TEE ORDER OF THE IM PRODUCTS 

The order of the IM product is an indication of the 
combinations of the two test signal frequencies that result 
in the IM frequency. If two signals of frequencies fl and f2 
are used then the Order of the IM products are as follows: 
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2nd 
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=r fl + f2 
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fl 


- f 2 
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= 2(fl) + 


f 2 


o r 


2 ( f 1 ) 


- f 2 








= 2 ( f 2 ) + 


f 1 


o r 


2 ( f 2 ) 


- fl 


4th 


Order 


P 
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= 3 ( f 1 ) * 


f 2 


or 


3 ( f 1 ) 


- f 2 








= 3(f2) + 


fl 


o r 


3 ( f 2 ) 


- fl 



= 2 ( f 1 ) + 2 ( f 2 ) or 2 ( f 1 ) - 2(f 2 ) 

and so on. 

The total number of times the frequencies enter into the 
calculation indicates the order of the IM. Usually fourth 
order and higher are not considered significant due to tneir 
reduced amplitude and being far removed in frequency. IM 
products are usually identified by t-ieir order and relative 
suppression ( RS ) , which is the number of dB (given as a 
positive number) that they are down from the two equal 
amplitude input signals. The IM products can be conveniently 
measured on a snectrum analyzer presentation of the 
multicoupler output, with a reasonaole degree of accuracy. 
Figure 2 shows an example of a spectrum display with second 
and third o^der IM. Earmonics of the two input tones are 
also present at the input. 

C. INTERCEPT POINT 

Another way of specifying IM- susceptibility is with the 
third order intercept point (IP). This can be determined 
graphically. Output power of the fundamental versus input 
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power of the fundamental is plotted in dBm. then output 
power of the third orde p IM versus innut power cf the 
fundamental is also plotted in d3m. The straight line 
extension of the linear portions of each curve will yield a 
point of intersection. The value, in dBm, on the input power 
axis is the third order input IP. The value can be read off 
the output power axis and the point is called an output I?. 
The input IP value will be used here. The larger the value 
of the I? the more resistant the device will be to IM 
distortion. Figure 3 shows the I? for the high dynamic range 
multicoupler being evaluated. Reference 12] gives a more 
complete discussion of this topic. The intercept point is 
gaining in usage since it is mathematically independent of 
the input signal amplitude and can be specified for any 
order IM desired. This technique still relies on the use of 
the two-tone input. 

D. SHORT COMING-S 

One short coming of the two-tone test is that it is not 
a good model of the real world HF spectrum. The multicoupler 
of interest is a wideband device, coupling the full 2-32 
MHz range. The determination of the two-tone specification 
which gives the multicoupler sufficient IM resistance, 
becomes an empirical and inexact problem. Reference [1] 
presents survey results that show a receiving site on the 
East Coast of the United States suffering severe IM problems 



ie 




Input 



Figure 3. Third Order Intercept Point 
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from signals originating in Europe. The multicoupler at 
fault was the CU-1399/FR?. whose specification has teen 
given. The specification is inadequate for the signal 
environment encountered. 

Secondly, the device has to be viewed as peak power 
limited for both the input power it can receive and the 
output power it can provide. Whatever the device's dynamic 
range, there will be a maximum limiting value of input power 
which produces the maximum available output power, bringing 
the device to the boundary of nonlinear operation. Any 
additional input will drive the device into the nonlinear 
region. Ccmnlex waveforms will randomly add in-pnase due to 
the large number cf frequencies and phases involved. If tais 
in-phase addition exceeds the peak input power, the device 
will again be driven nonlinear. Hence. the pease 
characteristics of the input become important. The r.m.s. 
voltage or average power indications do not include this 
phase information. Therefore, the instantaneous voltage or 
peak power must be used to indicate the level of complex 
waveforms. If the period between input peaks, that drive the 
device nonlinear, is equal to or less than the relaxation 
time of the device, it will saturate and be held in 
saturation. The impact of this periodicity is not evident 
from a two-tone test source. 
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in. write nois~ ?~?stimg 

A. . BACKGROUND 

White noise loading is widely used on telephone systems 
to measure the intermodulation and cross tal’c that occur in 
the system. Standards for the amount of noise that is 
allowed to exist have been established. These nave ranged 
from the subjective opinion of the user to current Bell 
System Practices (B3?', International Telecommunications 
Union (CCIR and CCITT) recomendat ions , and U.S. military 
standards (MIL-STD-18S ) . Reference [3] presents a detailed 
discussion of the apnlicatons of noise loading to telepnone 
sys terns. 

3. NOISE LOADING TEST 

The principle of the test involves leading a system, 
cable, repeater or component with wnite noise at tne input. 
The white noise is generated by a noise generator such as a 
Marconi TE 20913 and is received with a noise receiver, 
Marconi TP 2092B. The white noise is generated over a 
bandwidth wider than the systems specified bandwidth and 
then bandlimited with the highpass (KPF) and lowpass (LFP) 
filters to equal the system bandwidth. The noise amplitude 
is uniform. The noise is applied to the unit under test 
(UUT). k bandpass filter on the noise receiver is selected 
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and switched in line. The receiver reference meter is then- 
set to a reference level. Next, the generator stcpcand 
filter, which corresponds to the selected bandpass filter, 
is switched in line. The total output noise power is held 
constant by an output monitor (ale). The receiver reference 
meter is returned to the reference level by adjusting a set 
of attenuators on the receiver. The attenuator reading given 
is the noise’ power ratio (NPR) of the cross talk, 
intermodulation, and thermal noise that exists in the 
receiver passband. 

C. NOISE POWER RATIO 

The NPR is read from the noise receiver attenuator. in 
decibels (dS) or picowatts. The NPR is the ratio of the full 
loading noise rower, in a narrow passband, to t.ne noise 
power in the passband afte 1 ' a matching stopband filter has 
been switched in. The rest of the system remains fully 
loaded, figure 1. The NPR can also be thought of as the 
number of dB an unused channel's noise is below the system 
loading level. The N?P includes the thermal noise power, 
also called baseband intrinsic noise { 3 ] . of the system. 
Sophisticated techniques are available tc measure the 
portion of the NPR that is thermal noise, as well as tnat 
portion of the IM that is below the thermal noise level, 
ref. T 3 1 . f ll and f 5] . For this dicussion, the total Ifi , 



cross talk, and thermal noise will be considered since all 



Receiver Pass Band 



Power 




— P 

Noise Spectrum 



f 



Power 



Stopband 

ODj . 

NPR = P/P # 



Figure 4. Noise Power Ratio 
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cf these utilize the devices limited power and contribute to 
achieving nonlinear conditions. 

D. APPLICABILITY 0? NOISE LOADING TO MULT I COUPLERS 

White noise testing has been cf value in testing 
telephone translation equipment, microwave repeaters. and 
satellite transponders with up to 2700 channels or 
bandwidths up to 12 MHz. It is reasonable to extend this 
type of testing to multicouplers. The two-tone test measures 
IM produced bv just two input signals. This is not a 
reasonable model of the HP spectrum. How many signals should 
be modeled in the oasstand? Appendix A shows the results of 
some samples talcen of the 2-22 MHz spectrum. Any given 5 ZQ 
KHz segment, contained an average cf 23 2 signals for the day 
and night measurements ta^en. Perhaps, a 220 tone test would 
be more realistic. If numerous 222 tone tests are made and 
averaged to develop some statistical descriptors, then what 
has been achieved is the white noise test, done piecewise. 

Examinations or processing of received H? signals is 
most often done oven a finite bandwidth and not at a 
discrete freouency. The process will usually examine a small 
bandwidth (e.g. 3 KHz) of the 2-32 MHz available through 
the multicoupler. The concern is for low IM in the 3 KHz 
bandwidth of interest. Thp signal of interest must be 
available and not buried in IM generated by the otner 29.99? 
MHz of signals at the multi couple r input. The white noise 
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test parallels this operation. It uses c wideband signal 
source and exanir.es a snail bandwidtn for IM. 

E. EXAMPLE SPECTRA 

The following figures will show the use of the noise 
gererato” and receiver set. The set used was the Marconi CA 
20903, consisting of the T? 20913 Noise Generator. the TP 
20923 Noise receive”, and the ”s” version filters. The 
Marconi ” B" version filters a~e those that comply with the 
current CCIP recommendation 399-1 (1974;. The 

characteristics of these filters a”e given in ref. (3] and 
[5]. As an example, the stopband filter for 5.340 MHz nas a 
3 KHz bandwidtn at -7 3 dB , £ KHz at -30 dE and 26 6Hz at -3 
d3. The corresponding bandpass filter has a 2 KHz bandwidtn 
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minus 
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Figure 5 shows 


the 


s pec t ral 


characteristics 


of 


the 


noise generator 


output .' 


Figures 5 



(a.) and (b.) show the full and bandlimited outputs, figures 
5 (c.1 and (d.) show the high pass (HP?) and low pass (L?F) 
filter output characteristics and figures 5 (e.) and (f.) 
show the 5.34 MHz and 11.7 MHz stopband characteristics. 

Two examples of the effects of passing the stopband 
through a device are shown in figures 5 and 7. Figure 5la.) 
shows 'the noise spectrum of the 11.7 MHz stopband at the 
inout to a general purpose amplifier (HP 461Ai and figure 
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-80 dBM 



Figure 5. Noise Generator Output (A.) Full Spectrum 
CB.) Bandlimited White Noise 
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Figure 5. Noise Generator Output 
CD.) 12,360 KHz LPF 
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316 KHz HPF 
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-130 dBM 
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Figure 5. Noise Generator Output (E.) 5.34 MHz Stopband 
(F.) 11.7 MHz Stopband' 
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-35 dBM 




11,675 11.7 11.725 MHz 




-35 dBM 



-115 dBM 



11,675 11.7 11.725 MHz 

(b.) 



Figure 6. 11.7 MHz Stopband, Amplifier (A.) Input 
(B.) Output, NPR = 45.6 dB 
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5(b.) shows tae output response. The stopband, has been 
"filled in" with inte^modulation products. Tne \?.t , measured 
by the calibrated noise "ec p ive T ' was 45.6 d3. The spectrum 
analyzer display indicates an NPR abound 31 d.3 . 

NPR = (-22 dBm Input) - '-53 d3n Noise in notch) = 31 d3 

The spectrum analyzer horizontal sweep of 53 KHz with an I? 
bandwidth of 1 KHz resulted in the display averaging some of 
the noise at the edges of the stopband into the center, 
giving the appearance of a higher NPR. The fixed, center 
frequency 2 KHz bandpass filter in tne noise receive" is not 
effected in that way and gives the more accurate value of 
NPR. Figure 7 show's a similar display fen the input and 
output of a high dynamic range multicoupler that was 
undergoing test and evaluation. The NPR fo” the multicoupler 
was 48.2 dP . 
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Figure 7. 11.7 MHz Stopband, Multicoupler (A.) Input 
(B.) Output, NPR = 48.2 dB 
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17. T2ST P3SULTS 



A. ZNVIEONMENT 

Appendix A contains a summary of data gathered from a 
spectral analysis of the HP spectrum from 2 to 32 MHz. The 
data was examined to determine the distribution of signal 
amplitudes versus the number of observed signals. The 
combination of spectrum analyzer sweep time, display screen 
persistence and photographic film speed yield ar. average 
power or r.m.s. voltage sample. Any phase information is 
lost and determination of the peak amplitudes of tne in 
phase component additions is not possible. Peak power or 
instantaneous voltages will exceed the levels shown. The 
data showed the mean signal amplitude was -103 dBm for tne 
daytime survey and -95 dBm for the nightire survey. Overall 
the mean was -98 dBm. The dynamic range of the signals was 
85 dB (-30 to -115 dBm) . 

The total number of signals observed was 12095 of wnich 
8214 were observed in the daytime and the remainder at 
night. No signals in excess of -30 dBm were observed. The 
noise floor of the spectrum analyzer was -120 dBm. hence 
signals below -115 dBm were not counted in order to exclude 
noise from the analyzer. The data was found to be adequately 
modeled by the log-normal distribution. 
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IN-PHAS * ADDITION 



B . 

In-phase addition of the signals is an important 
consideration. The signal peaks will exceed the r.m-s. 
values and nay drive the device into nonlinear operation. 
This reauires that additional dynamic range be designed into 
the device. This is the c^ur of the internodulation problem. 
Sufficient dynamic range and input power capability will 
prevent nonlinear operation and thereby prevent 
intermodulation. This dynamic range must account for the 
total input instantaneous voltage or peak power levels. How 
often the in-phase addition occurs and what are the maximum 
levels, are the points being argued. These two questions can 
be answered from a knowledge of the instantaneous signal 
voltage distribution (Appendix A). 

Another parameter effected by the nature of tne 
distribution is the required relaxation time. The relaxation 
time must be less than the average period of the in phase 
additions that exceed the dynamic ’•arre . otherwise the 
device may be held in a nonlinear mode, orce driven into it. 

C. IM TEST RESULTS 

An IM test using a single tone or frequency can be 
conducted, although this type of test is generally 
inadequate. No single tone tests were conducted. The 
twc-tone and white noise loading tests were the two types of 
tests carried out. 
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Two-Tens Test 



1 . 

Tests using the two-tone method were conducted with 
two RF signals at 8 and 10 MHz, whicn were combined in a 
summing network and applied to tne input of the unit under 
test (UUT). as shown in figure 8. The UUT output was 
observed on a spectrum analyzer and the display was 
photographed. The signal levels of both the input and output 
were measured from the display and witn an F..7 r.m.s. 
voltmeter. Frequencies were verified with a digital 

frequency counter. 

Figure 9 shows a typical input and output spectrum. 
Multiple tones were present at the input due to the 
harmonics of the fundamental frequency generated in the 
signal generator. These were partially reduced by filtering, 
but were net fully eliminated. Elimination resulted in 
insufficient innut power to drive the test multicoupler 
nonlinear. Figure 10 is a graph of output newer versus input 
power and thi^d order IM power. The tnira order irtercept 
point is also plotted. The multicoupler tested had a 1 d3 
compression point of J -24 dBM. The test equipment, used could 
not provide more than +18 dBM of input d^ive. 

The power in an IM product depends on the power in 
the fundamental frequency and the frequency of the IM 
product itself. IM power is assumed to be a smootn er.d 
quasi-linear function as is the multicoupler output. Figure 
ll(a.) shows this in a graph of the second and tnird orde 1 ' 
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0 dBM 



-80 dBM 



0 



(a.) 



50 MHz 



0 dBM 



-80 dBM 



0 



50 MHz 




(b.) 



Figure 9. Multiple Test Tones (a.) Input, 
(b.) Output. 
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total IM 


p o w e ^ of 


the 


test 


mul ti couol er output. 


Tne 


test 


s ignals 


we S 


MHz 


and 


10 


MHz. Figure 11 (b.) 


shows 


tne 


individual power 


i n 


each 


of 


" tne fou’* third 


order 


IM 


products . 


These curves 


s h o v 


the 


variations that oc 


cur in 


the 



individual products. IM power should be treasured by a total 
for the family of products and not tv using one product as a 
representative sample. 

2 . V hi te Noise Test 

The output spectrum of the Marconi OA 22903 Noise 
Test Set is shown in figure 5. Technically the white noise 
driving the unit under test is bandlinited wnite noise. For 
t revi ty it will be referred to as white noise or s imply 
noise, when no ambiguity will exist. The white noise 
produced by the TF 20915 noise generator is tandlimited by a 
316 KHz highpass filter and a 12.360 MHz lowpass filter. 
These filters are used in testing 2703 channel telepnor.e 
systems and give the widest bandwidth of white noise 
commercially available. Ideally the bandwidth of the noise 
should equal that of the system under test. Tne full system 
bandwidth must be loaded to simulate full load conditions, 
ref. [3. sec. 6.2] , and it is that full load condition which 
causes the saturation and IM products, ref. [3. sec. 6.1] . 
In the tests conducted, full system bandwidth loading was 
not achieved. The white noise occupied only 35 percent of 
the system bandwidth of the multicoupler and 7 percent of 
the general purpose amplifier bandwidth. However, due tc 
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Figure ll(a.) Multicoupler Output, Second and Third 
Order Total IM Power versus Input Power. 
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Figure ll(b.) Third Order IM Power versus Input Power 
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differences in dynamic range. the amplifier could he driven 
well into saturation, while the multicoupler remained in a 
linear mode. Hence, the actual IM products in both cases may 
te more severe than those shown. 

Figure 12 shows the test equipment configuration for 
the noise loading test. The test was conduct°d as previously 
described in section III.E. The NPR for several levels of 
loading can be plotted to give an \'?P curve similar to 
figure 13, for the general purpose amplifier, and figure 11, 
for the high dynamic range multicoupler. The NPE curve can 
be plotted in values relative to the maximum NPR loading 
level, figure 13, or in absolute values, figure 14. There 
are three regions on the NPR curve. They are the linear, 
maximum NPR and nonlinear regions. Reference [3] contains a 
detailed discussion of these. 

The three regions are shown in figure 13. In the 
linear region, the signal to noise ratio remains constant. 
The therral noise is significant compared to the 
intermodulation and a 1 dB increase in loading should result 
in a 1 45 increase in NPR. The signal to noise ratio can be 
expressed by: 

SNR r = -10 log f a/ (a-1 ) ] 

SNRr is the SNR relative to the SNR at max. NPR 

"a” = the predominant order of distortion. 
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